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QUANTITATIVE RELATIONSHIPS BETWEEN HYPOXEMIA
AND DISORDER OF PULMONARY FUNCTION**
Hypoxemia is a common finding in many diseases of the lung. The degree
ofhypoxemia depends upon which aspect of pulmonary function is deranged
as well as upon the severity of the abnormality. The degree of hypoxemia,
the presence or absence of carbon dioxide retention, and the effects of ex-
ercise and oxygen breathing on the hypoxemia provide information about
the nature and extent of the underlying abnormality of pulmonary function.
This information may be of value in the differential diagnosis and treatment
of patients with pulmonary disease. In addition, knowledge of the degree
of hypoxemia which may result from impairment of each function of the
lung provides insight into the relative severity of the hypoxemia that may
result from a given disease. For example, a 50 per cent right-to-left shunt
in the lung results in serious hypoxemia, whereas 50 per cent reduction of
the diffusing capacity of the lung has little effect on the arterial oxygen
saturation.
The accompanying classification of hypoxemia (Table 1) provides a use-
ful framework for a discussion of this subject and of its treatment. Hypo-
tonic hypoxemia refers to situations in which the arterial oxygen tension,
and thus the arterial oxygen content, is subnormal; isotonic hypoxemia
refers to situations in which the arterial oxygen content is reduced but the
arterial oxygen tension is normal. Tissueanoxiaalso results from the actions
of various poisons on cellular enzyme systems, so-called histotoxic anoxia,
and in diseases in which circulatory impairment exists (occlusive arterial
disease and cardiac failure), but these abnormalities are beyond the scope
of the present discussion.
Hypotonic hypoxemia, which can be produced in normal subjects by re-
ducing the inspired oxygen tension, occurs when the alveolar ventilation is
diminished relative to metabolic needs, when the distribution of inspired
air and of blood flowing through the lungs is not homogeneous, and when
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there is impaired diffusion of oxygen across the alveolar membrane. Each
of these abnormal situations will be discussed separately.
Diminished alveolar ventilation (relative to metabolic needs) is char-
acterized physiologically by elevated alveolar, and thus arterial, carbon di-
oxide tension, as defined by the following equation: alveolar ventilation =
CO2 produced/ minute X(PB - 40).* The relationship between thearterial alveolar carbon dioxide tension
TABLE 1. HYPOXEMIA
I. Hypotonic
A. Diminished alveolar ventilation relative to metabolism
1. Diminished total ventilation
2. Increased work of breathing
3. Increased dead space
B. Impaired distribution of blood and/or gas in the lung
1. Right-to-left shunt
(a) Cardiac
(b) Pulmonary
(1) Anatomical
(2) Functional
2. Inhomogeneity of ventilation and perfusion
C. Impaired diffusion
1. Reduced alveolar capillary surface area
2. Increased thickness of aveolar membrane
II. Isotonic
A. Reduced hemoglobin concentration
B. Abnormal hemoglobin
oxygen saturation and the arterial carbon dioxide tension when alveolar
hypoventilation is the only functional abnormality is depicted in Figure 1,
which is drawn for a subject with a respiratory quotient of .70, breathing
ambient air with a partial pressure of oxygen of 150 mm Hg. The arterial
oxygen tension was calculated with the use of the 02 - C02 diagram,' and
the oxygen saturation was determined from a standard oxygen dissociation
curve. I.t is apparent that, as CO2 retention develops, hypoxemia progresses
at an increasingly rapid rate. It is also apparent that significant hypoxemia
* This expression represents the total pressure of gases in the respiratory tract, baro-
metric pressure minus the vapor pressure of water at body temperature, and is neces-
sary to permit use of alveolar carbon dioxide tension rather than fraction in the
alveolar ventilation equation.
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only begins to appear when the arterial carbon dioxide tension rises to
fairly high levels - over 60 mm Hg.
Hypoxemia of this sort may be caused by increased metabolism without
a normal increase in ventilation or by diminished alveolar ventilation. Since
the alveolar ventilation equals the total ventilation minus that of the dead
space, diminished alveolar ventilation may result either from a reduction of
the former or from an increase of the latter
50 6
mm. Hg.
s0 70
FIG. 1. The relationship between arterial oxygen
saturation (SaO2) and arterial carbon dioxide ten-
sion (Pao2) in alveolar hypoventilation. Hypoxemia
only occurs when appreciable CO., retention is
present.
in a mechanical respirator may be predicted
(without a compensating in-
crease of the total ventila-
tion). The latter mechan-
ism operates to a minor ex-
tent in pulmonary emphyse-
ma and to a major extent
when a large artificial dead
space, in the form of tubing
between the patient's lips
and the soda lime cannister,
is added to a patient for the
administration of anesthetic
agents. Treatment consists
of increases of the alveolar
ventilation, by increase of
total ventilation or by di-
minution of the dead space.
The ventilatory needs of a
patient during anesthesia or
accurately by calculating the
alveolar ventilation necessary to maintain the normal arterial CO2 tension,
measuring or assuming a normal dead space, and then calculating the re-
quired total ventilation.8
In pulmonary emphysema, inad-equate alveolar ventilation may result from
the fact that, in addition to a large physiological dead space, the work of
breathing is increased to such an extent that the oxygen requirements of the
respiratory muscles exceed the ability of the patient to provide adequate
alveolar ventilation, so that hyperventilation may actually increase the
arterial CO2 tension.10 As a result, treatment should include relief of the
airway obstruction by means of bronchodilators and increase of the total
ventilation by a positive-pressure breathing appliance or, in advanced cases,
by a respirator. It has been repeatedly pointed out that the hypoxemia of
these patients may be relieved by oxygen breathing, but that this has no
effect on the arterial carbon dioxide tension and may indeed depress respira-
tion, so that CO2 retention will become more severe and deleterious.
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Poor distribution of blood and gas flows to the lungs may take two forms
-an actual effective shunt in which mixed venous blood flows directly into
the arterial system without exposure to ventilated alveoli, and a lesser de-
gree of impairment such that some areas of lung receive different amounts
of blood and gas. The first abnormality, in which hypoxemia is the result
of venous admixture with arterialized blood, is not accompanied by sig-
nificant carbon dioxide retention. Figure 2 depicts the effect of varying
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FIG. 2. The relationship between arterial oxygen saturation (Sao2) and per cent
right-to-left shunt when room air ( ) and when oxygen (-- --) is the in-
spiratory gas mixture. Room-air curves for two arteriovenous oxygen differences are
plotted.
sizes of shunt on the arterial oxygen saturation, calculated from a standard
mixing formula."7 The solid lines represent the effect of varying degrees of
shunt on the oxygen saturation when room air is breathed and, in the
presence of a normal resting arteriovenous difference (25 per cent), a
large shunt is required to produce significant hypoxemia. When the arterio-
venous difference widens, as it does during exercise or in resting individuals
with diminished cardiac output, the same degree of shunting results in more
hypoxemia. Inspiration of oxygen results in some increase of the arterial
oxygen saturation, and this effect is shown quantitatively by the dotted line.
The general relationship between oxygen saturation and per cent shunt is
the same as when room air is breathed, but the level of oxygen saturation
for a given shunt is elevated by virtue of t-he fact that the blood leaving the
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well-ventilated lung capillaries is saturated to 107 per cent relative to the
saturation of blood exposed to room air. Under these circumstances, a very
large shunt is necessary to produce significant hypoxemia and one may, by
measuring the arterial oxygen saturation during inspiration of room air
and of oxygen, assess the relative contributions of a shunt and other factors
in the genesis of the hypoxemia. Oxygen breathing eliminates hypoxemia
due to all causes other than a right-to-left shunt so that hypoxemia persist-
ing during oxygen breathing may be attributed to a shunt, the size of which
may be readily estimated.
Hypoxemia due to a right-to-left shunt may occur in congenital anomalies,
cardiac or pulmonary (pulmonary arteriovenous fistula), or in acquired
disease in which blood flows through nonfunctioning pulmonary tissue. This
is the case in patients with atelectasis, in whom there is often surprisingly
little hypoxemia despite the presence of major airway obstruction.' Whether
this is related to mechanical collapse of blood vessels in the atelectatic lung
or to reflex vasospasm is unknown.2 In treating atelectasis, it is important
to realize that large pressures are required to open up collapsed lung (12
cm. of water or more) owing to the surface tension existing in the collapsed
lobule.5 It is also of interest to point out that atelectasis of a lobule does not
result in complete absence of ventilation, owing to the presence of collateral
ventilation through the alveolar walls,1' but that atelectasis of a lobe results
in total absence of ventilation since no communication exists between adja-
cent lobes. An interesting example of hypoxemia due to an effective right-
to-left shunt is pulmonary edema, in which the shunt appears to result from
the fact that blood circulates through areas of lung to which ventilation has
been obstructed because foam and edema fluid occlude the small airways.'
Successful treatment depends upon relief of the underlying abnormality re-
sponsible for the accumulation of edema fluid in the lung, and oxygen in-
halation may have little effect on the hypoxemia.
The other type of impaired distribution of blood and gas in the lung
which may result in hypoxemia occurs when ventilation and blood are not
distributed evenly throughout the lung. This situation, occurring in the
normal subject to some extent and in the experimental animal, particularly
after collapse of the lung," is due to the fact that the oxygen dissociation
curve is not linear; when the subject breathes oxygen, the hypoxemia dis-
appears. This type of abnormality may be accompanied by slight retention
of carbon dioxide and is probably the major reason for the hypoxemia that
is present in pulmonary emphysema. Severinghaus has devised a method,
based on alveolar-arterial CO2 differences, for calculating the "alveolar"
dead space which is a function of this distribution abnormality,18 and Farhi
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and Rahn have shown how uneven distribution of blood and gas flows in
the lung may result in hypoxemia.'
Impairment of diffusion of oxygen across the alveolar membrane occurs
after extensive reduction of the alveolar capillary surface area available for
gas exchange (pulmonary emphysema,' resection of lung tissue,.. or pul-
monary embolization"), and in diseases of the lungs in which there is marked
thickening of the alveolar membrane ("alveolar capillary block").7 In the
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FIG. 3. The relationship between oxygen diffusing capacity of the lungs (Do2) and
arterial oxygen saturation (SaO2) under conditions of variable oxygen consumption
(Vo2) and arteriovenous oxygen difference. The ordinate, PI-Pc02, is the difference
of oxygen tension between the alveolar air and the mean capillary blood. To determine
the arterial oxygen saturation, find the intersection of the diffusing capacity with the
measured or assumed isopleth of oxygen consumption on the left-hand graph and carry
over to the same ordinate on the right-hand graph where it intersects with the measured
or assumed arterio-venous oxygen difference. Read the arterial oxygen saturation on
the abscissa at this point.
latter case, there are generally some alveoli in which no diffusion of gas
occurs, resulting in the presence of a variable right-to-left shunt. Since
carbon dioxide is 20 to 30 times as soluble in blood and tissues (and, hence
as "diffusible" from alveolar air to blood) as oxygen, impaired diffusion
rarely results in carbon dioxide retention but may result in hypoxemia,
particularly during exercise when oxygen requirements are increased and
the limited diffusing capacity of the lung does not permit diffusion of
adequate amounts of oxygen across the alveolar membrane.
The effects of a reduction of the diffusing capacity of the lung on the
arterial oxygen saturation are quantitatively depicted in Figure 3. Since the
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oxygen saturation, with respect to diffusion, is dependent upon the
oxygen consumption, diffusing capacity, and the arteriovenous oxygen dif-
ference, a double graph is necessary to depict these relationships. The left-
hand graph represents isopleths of oxygen consumption, each point being
the product of the corresponding diffusing capacity and the difference of
oxygen tension between the alveolar air and the mean capillary blood. The
arterial oxygen tension is a function of the alveolar-mean capillary oxygen
tension difference and the arterio-venous oxygen difference, and the right-
hand graph was constructed from the line charts developed by Riley."
Oxygen tension was converted to saturation from a normal oxygen dis-
sociation curve assuming a CO2 tension of 40 mm Hg. A number of facts
emerge from a consideration of this graph. For a normal resting oxygen
consumption (250 cc./min.), the diffusing capacity must be greatly re-
duced to approach levels of alveolar-mean capillary oxygen tension dif-
ference which result in hypoxemia, even in the presence of a small arterio-
venous oxygen difference. Thus, when the diffusing capacity is 10 cc. of
oxygen per minute per millimeter of mercury, the mean gradient is 25 mm
Hg and, for a normal arteriovenous difference, the arterial oxygen satura-
tion is over 96 per cent. During muscular exercise, if the oxygen consump-
tion increases to 500 cc. per minute, the arterial oxygen saturation would
fall to 93 per cent if the arteriovenous difference did not change. However,
one would anticipate an increase of the arteriovenous difference which
would mean that the oxygen saturation would rise towards normal.
Although there must be considerable reduction of the diffusing capacity
before there is any effect on the arterial oxygen saturation, beyond a critical
level, hypoxemia develops at an increasingly rapid rate. Thus, a large por-
tion of the lung may be resected without change in the arterial oxygen
saturation, whereas removal of further lung tissue results in the sudden
appearance of severe hypoxemia.' In the same way, several aliquots of glass
beads may be injected into the veins of a dog to produce pulmonary emboli
without a fall of arterial oxygen saturation, whereas one more injection
results in severe hypoxemia.18 Hypoxemia only appears when there is con-
siderable reduction of the diffusing capacity, but once hypoxemia is present
because of a diffusion limitation, further reduction of the diffusing capacity
results in accentuation of the hypoxemia at an increasingly rapid rate.
Hypoxemia due to impaired diffusion is completely alleviated by the in-
spiration of oxygen, since the rate of diffusion of oxygen is directly de-
pendent upon the pressure head of oxygen available for diffusion, and in-
spiration of 100 per cent oxygen increases this pressure head some six to
eight fold. Conversely, reduction of the alveolar oxygen tension by ascent
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to high altitudes or by inspiration of low-oxygen mixtures will greatly re-
duce the rate at which oxygen can pass across the alveolar membrane and
may result in fatal hypoxemia. Thus, patients with a diffusion impairment
must be cautioned against exposure to high altitudes but may achieve
satisfactory improvement of the arterial oxygen saturation by inspiration
of oxygen.
Isotonic hypoxemia results when the arterial oxygen tension is normal but
the capacity of the blood for carrying oxygen is reduced. This situation
occurs in anemia, when there is a decreased concentration of hemoglobin
available for combination with oxygen, in methemoglobinemia, when the
hemoglobin is altered so that it cannot combine with oxygen, and in carbon
monoxide poisoning. The latter situation is unique in that, in addition to
combining with hemoglobin to form carbon monoxide hemoglobin which
will not combine with oxygen, the presence of carbon monoxide seems to
change the characteristics of the remaining hemoglobin so that oxygen re-
lease to the tissues is impaired."2 Obviously, treatment of this type of hypo-
xemia is dependent upon reconversion of carbon monoxide hemoglobin to
normal hemoglobin, and carbon monoxide poisoning is treated by inhalation
of oxygen. This promotes the formation of oxyhemoglobin rather than
carbon monoxide hemoglobin, since the relative proportions of the two are
directly dependent upon the ratio of the partial pressure of oxygen to the
partial pressure of carbon monoxide in the blood.
Each type of abnormality has been discussed separately, but it must be
borne in mind that hypoxemia is usually the result of impairment of more
than one aspect of pulmonary function. However, it is useful to understand
the quantitative relationships that exist between each type of functional
abnormality and the resultant hypoxemia.
It is important to realize that hypoxemia and cyanosis are not synony-
mous. Cyanosis is a function of the absolute amount of reduced hemoglobin
in the capillaries and of the quality and content of tissue between the capil-
laries and the observer's eyes. The degree of polycythemia becomes a direct
factor in the intensity of cyanosis, irrespective of the arterial oxygen satura-
tion. The rate of speed at which blood passes through the tissues, and thus
becomes deprived of oxygen, is another important factor. These relation-
ships have been quantitatively and lucidly reviewed by Lundsgaard and
Van Slyke.'
SUMMARY
The mechanisms responsible for hypoxemia in patients and the clinical
situations in which the various types of hypoxemia occur have been re-
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viewed. The effects of reduced ventilation, right-to-left shunts, and im-
paired diffusion on the arterial oxygen saturation have been quantitatively
depicted. Treatment of hypoxemia, based upon physiological considerations,
has been outlined. Some of the adjustments that occur in pulmonary disease
to minimize the development of hypoxemia, such as collateral respiration
and secondary reduction of blood flow to nonventilated areas of lung, have
been mentioned as well.
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